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PART 1I
a. Principal Investigator: Wolfgang Ketterle
b. Current telephone number: (617) 253-6815
c¢. Cognizant ONR Program Officer: Peter Reynolds

d. Program objective:
To develop an intense source of Bose condensed sodium atoms and to study the properties of
Bose-Einstein condensates

e. Significant results during last year (100-200 words) - be specific and comment on impact

We had several significant results in the reporting period (6/97 - 5/98):

e Formation of a Bose-Einstein condensate: The phase transition from a thermal cloud into a
Bose-Einstein condensate was studied with high time resolution. The condensate formation
showed evidence for bosonic stimulation, or matter wave amplification, which is crucial to the
concept of the atom laser.

e Study of collective excitations of a Bose gas: Collective excitations of a dilute Bose gas were
probed above and below the condensation temperature. Oscillations analogous to Bogoliubov
sound, first and second sound were observed.

e Realization of all-optical confinement of a Bose-Einstein condensate: The confinement of
Bose-Einstein condensates in an optical dipole trap allows the study of condensates at arbitrary
magnetic fields and with arbitrary spin orientation. Of special interest for precision
measurements is the zero-magnetic-field case. Furthermore, the optical trap can be used as
optical tweezers to move condensates and study them in new situations, e.g. close to surfaces.

e Reversible formation of a Bose-Einstein condensate: Bose-Einstein condensation could be
achieved in an reversible way in contrast to the evaporative cooling methods used so far. This
was achieved by adiabatically deforming the trapping potential using magnetic and optical
forces.

e Observation of Feshbach resonances: The forces between Bose condensed atoms could be
altered significantly through so-called Feshbach resonances. Such resonances were observed
by varying an external magnetic fields and open new possibilities for the study and
manipulation of Bose-Einstein condensates.

e Spinor condensates: We observed the formation of spin domains in Bose-Einstein condensates
occupying all three hyperfine spin states of the ground state multiplet. The structure of these
domains gave evidence for an anti-ferromagnetic interaction between the atoms. We observed
both miscibility and immiscibility of hyperfine components.

BEC is rapidly becoming a new subfield, interdisciplinary between atomic and condensed matter
physics with more than fifty active groups. Several techniques which we developed are now used
in many other labs. Our quantitative studies of a Bose condensate have been very stimulating for
theorists. NASA is taking the first steps towards laser cooling experiments in microgravity. These
include atomic clock and BEC experiments.

f. Brief (100-200 words) summary of plans for next year’s work

Our recent work on optical trapping of Bose-Einstein condensates demonstrated many new
possibilities for future research. We plan to continue the study of spinor condensates, mainly the




dynamics of non-equilibrium mixtures of spin states. Furthermore we plan to develop optical traps
with more than one potential well, like in a standing wave. This might allow the observation of the
Josephson effect or Bloch oscillations. Bragg scattering might be used to realize a continuous
atom laser.

A new source of laser cooled sodium atoms is under construction. It will feature much higher
loading rates of the atom trap (at least a factor of ten higher than at present), and improved optical
access.



g. List of names of graduate students and post-doctoral(s) currently working on the project:
Graduate students:
Michael R. Andrews (until 4/98)
Dan M. Kum
Dallin S. Durfee
Shin Inouye
Chris Kuklewicz
Ananth P. Chikkatur
Postdocs:
Hans-Joachim Miesner
Jorn Stenger
Roberto Onofrio
Chandra Raman




PART III

Explanation for the two viewgraphs

1. Our work on the optical trap and Feshbach resonances has provided new ways to manipulate
Bose-Einstein condensates. The optical trap provides higher spatial and temporal control than
magnetic traps. Furthermore, it allows the free choice of internal spin states or external magnetic
bias fields.

The forces between the Bose condensed atoms could be altered by a factor of ten by varying the
magnetic bias field around a Feshbach resonance near 900 G. It is now possible to tune the
interaction strength between the atoms and maybe to “design” properties of quantum gases.

2. Formation of spin domains in spinor Bose-Einstein condensates. When condensates were
prepared in only one (or two) of the hyperfine components of the F=1 ground state, we observed
the formation of three distinct spin domains. The equilibrium distribution was independent of the
initial distribution and only depended on the total spin angular momentum. The spin domain
diagram for spinor condensates is very rich and allows the study of miscible and immiscible
superfluids and novel forms of collective excitations.

10
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